Background/Aims: As a vital degradation and recycling system, autophagy plays an essential role in regulating the differentiation of stem cells. We previously showed that iron chelator deferoxamine (DFO) could promote the repair ability of dental pulp stem cells (DPSCs). Here, we investigated the effect of DFO in autophagy and the role of autophagy in regulating the migration and odontoblast differentiation of DPSCs. Methods: Transmission electron microscopy, immunofluorescence staining and western blotting were performed to evaluate the autophagic activity of DPSCs. Transmigration assay, alkaline phosphatase staining/activity, alizarin red S staining and quantitative PCR were performed to examine the migration and odontoblast differentiation of DPSCs. Reactive oxygen species (ROS) levels and the effects of ROS scavenger in autophagy induction were also detected. Autophagy inhibitors (3-MA and bafilomycin A1) and lentiviral vectors carrying ATG5 shRNA sequences were used for autophagy inhibition. Results: Early exposure to DFO promoted the mineralization of DPSCs and increased autophagic activity. Autophagy inhibition suppressed DFO-induced DPSC migration and odontoblast differentiation. Furthermore, DFO treatment could induce autophagy partly through hypoxia-inducible factor 1α/B cell lymphoma 2/adenovirus E1B 19K-interacting protein 3 (HIF-1α/BNIP3) pathway in a ROS-dependent manner. Conclusion: DFO increased DPSC migration and differentiation, which might be modulated through ROSinduced autophagy.
Introduction
Stem cells play an indispensable role in tissue engineering for the reconstruction of natural tissues [1] . Due to the easily accessible source of dental tissues, dental-derived stem 
Cell Viability Assay
Cell viability assays were performed using methylthiazol tetrazolium (MTT; Amresco, Solon, OH) assay. DPSCs at a concentration of 3×10 3 cells were plated onto 96-well plates. After overnight incubation, the DPSCs were treated with conditioned medium for the indicated times. Subsequently, 20 μl of MTT solution was added to each well. After incubation for 4 h at 37°C, the medium containing MTT was discarded, and 150 μl of dimethyl sulfoxide (Sigma-Aldrich Inc.) was added to each well. The optical density (OD) of each well was measured using an enzyme linked immune detector at a wavelength of 490 nm. All experiments were performed in triplicate.
Transmigration Assay
Transwell inserts (8-mm pore, Corning) were used for transmigration assay. DFO was added in the lower chamber, while 5×10 3 cells which had been pre-incubated with autophagy inhibitors or lentiviral vectors were added to the upper chamber. After 24 h, DPSCs were fixed with 4% paraformaldehyde and then stained with crystal violet (Sigma-Aldrich Inc., St. Louis, MO, USA) for visualization of migrated cells. Cell number counting was implemented in three random high-power fields to assess the average number of migrating cells.
Alkaline Phosphatase (ALP) Staining/Activity and Alizarin Red S (ARS) Staining
DPSCs were pretreated with culture medium containing DFO, DFO+3-MA and DFO+BA1 or transfected with lentivirus for ATG5 knockdown. Subsequently, the conditioned medium was removed, and mineralized medium were added to the well. The ALP staining/activity assay was performed using an ALP staining kit (86R-1KT; Sigma-Aldrich, Inc.) on days 3 and 7 according to the manufacturer's protocol. For the quantitative ALP assay, the cells were detected after measuring the optical density (OD) values at 405 nm after incubation with p-nitrophenyl phosphate (Sigma-Aldrich, Inc.). ARS staining was performed on day 21. The cells were fixed with 70% ethanol and treated with 2% alizarin red (pH 4.2, Sigma-Aldrich, Inc.). All staining images were photographed using a microscope and subsequently analyzed using an HP Officejet Pro L7580 scanner. ARS-stained cells were subsequently destained in 10% acetylpyridinium chloride (Sigma-Aldrich, Inc.) and measured at 590 mm using a microplate reader. For both ALP and ARS quantitative assays, the total protein content of the cells was measured, and the results were expressed as OD values per milligram of total protein. All treatments were performed in the initial days, except for special instruction. To investigate the effect of DFO at different stage of differentiation, DFO treatment was performed on days 1-2, 11-12 or 20-21 (see online suppl. material, Suppl. Fig. 2 ).
Transmission Electron Microscope (TEM)
DPSCs were fixed with 2% glutaraldehyde in 0.1 M cacodylate buffer for 1 h at 4 °C and post-fixed in 1% osmium tetroxide in the same buffer for 1 h at room temperature. After dehydration through a graded series of ethanol, the samples were embedded in Epon. Ultrathin sections were stained with 2% uranyl acetate and lead citrate. The electron microscopy was conducted using a JEM-1200EX Transmission Electron Microscope (JEOL, Tokyo, Japan).
Immunofluorescence Staining
DPSCs were seeded onto coverslips in a 6-well plate. After overnight incubation, the DPSCs were treated with conditioned medium for the indicated times. After removing the medium, the cells were washed with PBS and fixed with 4% paraformaldehyde for 20 min. Following permeabilization with 0.5% Triton X-100 for 15 min, the cells were incubated with goat serum for 1 h. For LC3 localization and detection, the cells were incubated with rabbit anti-LC3B antibody (1:500, Sigma-Aldrich Inc., St. Louis, MO, USA) overnight. Subsequently, the DPSCs were treated with FITC-conjugated goat anti-rabbit IgG (1:50, Beijing Cwbio Co., Beijing, China) for 1 h and counterstained with DAPI for 5 min. The photographs were captured using a Nikon fluorescence microscope. 
Western Blot Analysis
The cell samples were harvested and washed with PBS on ice and subsequently lysed in lysis buffer (RAPA:PMSF=100:1). The concentrations of proteins were detected using a BCA protein assay kit (BioRad). The proteins were separated on SDS-polyacrylamide gels and transferred to PVDF membranes. The membranes were incubated with primary antibodies overnight against LC3b (Sigma-Aldrich Inc.) at a dilution of 1:750, SQSTM1/p62 (Sigma-Aldrich Inc.) , Beclin1 (Sigma-Aldrich, Inc.) at a dilution of 1:1000, HIF-1ɑ (Sigma-Aldrich, Inc.) at a dilution of 1:1000, and B cell lymphoma 2/adenovirus E1B 19K-interacting protein 3 (BNIP3) (Santa Cruz Biotechnology, Inc.) at a dilution of 1:1000. Subsequently, the membranes were incubated with secondary antibodies for 60 min, and the blotted bands were visualized after ECL exposure to X-ray. The band density was analyzed using Scion Image-Release Beta 4.02 software.
Real-time PCR assay
Total RNA was isolated from DPSCs using Trizol (Invitrogen, Carlsbad, CA), and cDNA was created using the RT Reagent Kit (Takara, Shiga, Japan) as previously described [6] . Quantitative PCR was performed with SYBR Green Mix (Takara, Shiga, Japan) on a Roche Light Cycler 480 (Roche Diagnostics GmbH, Mannheim, Germany) in a total reaction volume of 20 µl. The expressions of several gene markers, including dentin sialophosphoprotein (DSPP), dentin matrix protein-1 (DMP-1), bone sialoprotein (BSP), collagen type I (COL-I) and runt-related transcription factor 2 (Runx2), were detected, and the gene specific primers are listed (see online suppl. material) in Suppl. Table 1 . The mRNA expression levels of these genes were quantified using the comparative threshold cycle (2_ΔΔCT) method.
Assessment of ROS generation
Intracellular ROS generation of DPSCs was measured using a 5-(and-6)-chloromethyl-2′, 7′-dichlorodihydro-fluorescein diacetate, acetylester fluorescent probe (CM-H2DCFDA, Sigma-Aldrich, Inc.). The cells were treated with DFO for 24 h and subsequently incubated with 10 µM CM-H2DCFDA for 20 min at 37°C in the dark. ROS formation was analyzed using a FACSCalibur flow cytometer (Becton Dickinson, San Jose, CA, USA).
Statistical Analysis
The outcome data were expressed as the means ± standard deviation of at least three independent experiments. Statistical analysis was performed using one-way analysis of variance, followed by Bonferroni's post hoc test for multiple comparisons. Values of p＜0.05 were considered statistically significant.
Results

Early Exposure to DFO Promoted the Mineralization of Dental Pulp Stem Cells
To determine the duration of DFO treatment, we detected the cell viability of DPSCs treated with various concentrations (0-50 μM) of DFO on day 1, day 2 and day 3. As shown in Fig. 1D , the viability of DPSCs was not affected by different concentrations of DFO until the 3rd day. On day 3, the viability of DPSCs was significantly decreased compared with the control group. Thus 48 hours of DFO treatment was selected for further ALP and ARS staining. Consistent with our previous study, DFO-treated group showed increased ALP staining/ activity (at day 3 and day 7, Fig. 1A ). DFO treatment at the initial stage of differentiation (DFO-I group) markedly increased ARS staining as shown in Fig. 2B , while DFO treatment performed at the medial (DFO-M group) and late stage (DFO-L group) of differentiation did not promote the mineralization of DPSCs (Fig. 1B) , suggesting that DFO treatment is more effective in promoting the mineralization of DPSCs at the earlier stages of differentiation. In addition, a longer DFO culture period (3-7 days) did not increase the amounts of mineralized nodules (data not shown). Representative enlarged calcified nodule induced by DFO treatment in DPSCs was shown in Fig. 1C .
DFO-induced Activation of Autophagy in Dental Pulp Stem Cells
To explore whether DFO could induce autophagy in DPSCs, we detected the formation of autophagic elements and autophagic flux. For the detection of autophagic elements, we used morphological analyses to examine autophagosome formation. LC3B is a common marker for autophagosome formation [21] , and immunostaining with LC3B was performed in the present study. As shown in Fig. 2A , DFO treatment significantly increased the number of LC3B puncta, suggesting the formation of autophagosomes after 24h and 48h. To further confirm the effect of DFO on autophagic activity, a TEM analysis was performed at an ultrastructural level. The presence of autophagosome or initial autophagic vacuoles (AVi) and degradative autophagic vacuoles (AVd) was observed in the DFO-treated group (Fig.  2B) . Notably, autophagosome formation differs from increased autophagic activity. A block in the late stages of autophagy could also result in autophagosome formation. In the present study, we performed western blotting to detect the autophagy-related protein expression of LC3B, SQSTM1/p62 (p62) and Beclin 1 during DFO treatment. LC3B and Beclin 1 are both common markers for monitoring autophagy, and p62 is an autophagy cargo receptor for the delivery of aggregated proteins for degradation. The decreased expression of p62 is often associated with increasing autophagic flux [22] . The results of western blotting showed that DFO treatment obviously increased the protein expression of LC3B-II and Beclin 1 and gradually decreased the protein level of p62 (Fig. 2C) . After blocking autophagy in the late stage by BA1, DFO treatment further upregulated LC3B-II expression in DPSCs compared with cells treated with DFO alone (Fig. 2F ). To further demonstrate that iron chelator (DFO) could induce autophagy in DPSCs, autophagic level was detected in addition of FC (Fe iron). As shown in Fig. 2D , DFO-induced autophagy was blocked by addition of FC, suggesting that DFO could induce autophagy via sequestering intracellular iron. Interestingly, excessive iron 
Inhibition of Autophagy Suppressed DFO-induced Dental Pulp Stem Cell Migration
Autophagy inhibition was achieved by using autophagy inhibitors and ATG5 knockdown. The cell viability of DFO-treated DPSCs was not affected in the presence of autophagy (Fig. 2E) , and western blotting for LC3B demonstrated the inhibition of autophagy in the presence of early stage autophagy inhibitor (3-MA) and late stage autophagy inhibitor (BA1) (Fig. 2F ). ATG5 is a essential gene for autophagy induction, and knockdown of ATG5 has been widely used for autophagy inhibition [22] . ATG5 knockdown was confirmed by real-time quantitative polymerase chain reaction (PCR) and Western blotting analysis (see online suppl. material, Suppl. Fig. 3 ).
Transmigration assay was performed to detect the migration of DPSCs. As shown in Fig.  3 , the migrated DPSCs was significantly increased after incubation with DFO. Autophagy inhibition by autophagy inhibitors and ATG5 shRNA both remarkably suppressed DFOinduced migration as presented in Fig. 3 . These results indicated the involvement of autophagy in DFO-induced migration.
Inhibition of Autophagy Suppressed DFO-induced Dental Pulp Stem Cell Differentiation and Mineralization
To investigate the role of autophagy in DFO-induced mineralization, an ALP staining/ activity assay and ARS staining were performed. ALP activity of DFO-treated DPSCs was inhibited in the presence of autophagy inhibitors on day 7 (Fig. 4A) . After induction for 3 weeks, the amount of minerals detected remarkably decreased with the addition of autophagy inhibitors compared with DFO treatment alone (Fig. 4B) . These results suggested that autophagy is essential for DFO-induced mineralization. To investigate the influence of autophagy on DFO-induced differentiation, the mRNA expression of odontogenesis/ osteogenesis-related molecules in DPSCs was detected. Similarly, real-time PCR assay revealed that the inhibition of autophagy using 3-MA or BA1 suppressed the expression of several gene markers, including DSPP, DMP-1, BSP, COL-I and Runx2 (Fig. 4C) . These data suggested an essential role for autophagy in DFO-induced differentiation and mineralization.
ATG5 knockdown Suppressed DFO-induced Dental Pulp Stem Cell Differentiation and Mineralization
To further confirm the role of autophagy in DFO-induced mineralization, we blocked autophagic process by ATG5 knockdown. ALP activity and ARS staining were measured in DPSCs transfected with ATG5 shRNA. As shown in Fig. 5A , ATG5 knockdown blocked DFOinduced ALP activity compared with the control and control shRNA groups. Alizarin red S staining indicated that the amount of mineralized nodules was observed less in the shRNA groups (Fig. 5B) . PCR assay for mRNA expression of odontogenesis/osteogenesis-related molecules showed that autophagy inhibition by ATG5 knockdown blocked DFO-induced differentiation (Fig. 5C ). All these data indicated that autophagy inhibition by inhibitors or silencing crucial autophagy proteins blocked the positive effects of DFO in DPSCs, and demonstrated that autophagy plays a vital role in DFO-induced mineralization and differentiation.
DFO Induced Autophagy through Regulating ROS/HIF-1ɑ/BNIP3 pathway in Dental Pulp
Stem Cells
To explore the potential molecular mechanism underlying DFO-induced autophagy, we detected intracellular ROS generation in DPSCs after exposure to DFO. As shown in Fig. 6A , ROS levels were increased after incubation with DFO for 24 h. The ROS scavenger N-acetyl-L-cysteine (NAC) was used to determine the role of ROS in DFO-induced autophagy. NAC significantly suppressed the generation of ROS and the expression of LC3B-II in the presence of NAC compared with DFO treatment alone, indicating that DFO might induce autophagy through ROS generation (Fig. 6B) . Our previous study showed that DFO could increase the expression of HIF-1ɑ [6] . We hypothesized that DFO could mediate the expression of HIF-1ɑ through ROS generation. As shown in Fig. 6C , HIF-1ɑ was up-regulated in DFO-treated groups, and NAC suppressed the expression of HIF-1ɑ in DFO-treated groups, suggesting that HIF-1ɑ was regulated by ROS generation. It is well established that HIF-1ɑ is crucial for hypoxia-induced autophagy and could induce autophagy through HIF-1ɑ/BNIP3 pathway. BNIP3, a hypoxia-responsive gene directly regulated by HIF-1ɑ, has been identified as one of the most prominent autophagic genesis [23] . Thus, we evaluated the expression of HIF- 
1ɑ/BNIP3 pathway in DFO-treated DPSCs. As shown in Fig. 6D , HIF-1ɑ/BNIP3 pathway was significantly activated after DFO treatment, suggesting that DFO might induce autophagy through HIF-1ɑ/BNIP3 pathway. Moreover, deletion of ROS by NAC also attenuated DFOinduced upregulation of BNIP3, indicating that DFO might induce autophagy through regulating ROS/HIF-1ɑ/BNIP3 pathway.
Discussion
Dentinal regeneration requires the involvement of several physiological processes in DPSCs, including cell proliferation, migration, angiogenesis, differentiation and mineralization. Effective improvement of the repair ability of DPSCs is of vital importance for its application in tissue engineering. In a previous study, we reported that DFO has could promote the formation of mineralized tissue in DPSCs. In the present study, we demonstrated that DFO could promote the migration, differentiation and mineralization of DPSCs by inducing autophagy, which might be mediated partly through ROS/HIF-1ɑ/BNIP3 pathway.
Iron is an essential element for multiple physiological processes, including oxygen transport, ATP generation, and cellular redox reactions [24] . Previous studies have suggested that iron metabolism is closely associated with bone physiology [25] . Baschant et al. showed that attenuated osteogenic differentiation was observed in the presence of excess iron, whereas elevated osteogenic differentiation was observed in the presence of the [16] . In the present study, we observed that short-term treatment with a low concentration of iron chelator (10 μM DFO) at the early stages of mineralization could promote the differentiation and mineralization of DPSCs. The induction of autophagy is closely associated with metabolic stresses, such as reduced energy charge, amino acid depletion, iron depletion, etc. A decrease in the level of intracellular iron by iron chelators could activate the autophagic degradation of ferritin oligomers, which store cytoplasmic iron to maintain the metabolic balance of iron [26] . The effect of DFO in autophagy induction has been confirmed in different cells [27, 28] . In the present study, we observed increased autophagosome formation and autophagic flux in DFO-treated DPSCs, which is consistent with previous studies.
Autophagy is not only a simple tool for the elimination of cellular materials, but is also an important recycling system for tissue renovation [29] [30] [31] . Recently, the role of autophagy in bone physiology and pathophysiology has gradually been unmasked. The effects of autophagy modulators in bone health and osteoblastic differentiation have been widely studied [32] , and recent studies have demonstrated that autophagy deficiency compromises osteoblast mineralization in vitro and in vivo [33, 34] . Because bone and dentin share similar components, it is necessary to investigate the role of autophagy in dentin regeneration and odontoblastic differentiation. Recent studies have discovered that inflammatory cytokine could attenuate the odontoblastic differentiation of dental stem cells [35] . Furthermore, Pei et al. reported that autophagy induced by inflammatory environment is critical in regulating odontoblastic differentiation [36] . More highly reserved ATGs have been identified in regulating the odontoblastic differentiation of stem cells [37] . In the present study, we observed that the regulation of autophagy through both early stage and late stage autophagy inhibitors could alter the effects of DFO-induced migration, differentiation and mineralization in DPSCs. Knockdown of ATG5 resulted in attenuated effects of DFO in the repair ability of DPSCs. These results indicated that autophagy might be a crucial contributor to the repair ability of DPSCs. Further studies are required to understand the pathways between ATGs and mineral markers during pulp responses to DFO.
Previous studies have demonstrated that DFO exposure could induce the generation of reactive oxygen species (ROS) [16] . Elevated ROS levels are important cellular stressors, closely associated with autophagy induction [38] . To determine how DFO induces autophagy in DPSCs, we detected ROS production in DFO-treated DPSCs. The results showed that the ROS levels were markedly elevated after DFO exposure, and pretreatment with ROS scavenger NAC attenuated DFO-induced autophagy. These results indicated that DFO induces autophagy in DPSCs through ROS generation. Next, we evaluated the effect of ROS in the expression of HIF-1ɑ in DFO-treated DPSCs. Consistent with our previous study [6] , DFO could induce accumulation of HIF-1ɑ. Furthermore, inhibition of ROS generation significantly attenuated DFO-induced HIF-1ɑ expression, indicating that DFO could up-regulate the expression of HIF-1ɑ through ROS generation. Importantly, we discovered that NAC also attenuated the expression of BNIP3, which is a hallmark of mitophagy (autophagy targeting mitochondria) and regulated by HIF-1ɑ. Numerous studies have demonstrated that up-regulation of BNIP3 mediated by HIF-1ɑ could activate the autophagic process by releasing Beclin 1 from Bcl-2/Beclin 1complex [18, 23] . Thus, we further investigated the expression of HIF-1ɑ/BNIP3 pathway during DFO treatment. Significant up-regulation of HIF-1ɑ and BNIP3 was observed during DFO treatment. All these evidence suggested that DFO might induce autophagy through activation of HIF-1ɑ/BNIP3 pathway in a ROS-dependent manner in DPSCs.
Conclusion
The results of the present study showed that autophagy is activated by DFO in DPSCs. Autophagy is responsible for DFO-induced cell migration, differentiation and mineralization in DPSCs, and DFO could induce autophagy in part through HIF-1ɑ/BNIP3 pathway in a ROSdependent manner. Our study suggested that DFO might be a potential therapeutic agent for vital pulp therapy, and an increased understanding of autophagy in DPSCs might facilitate the development of an effective mechanism for dental tissue engineering.
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